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SUMMARY 

In  Phase  1 of  this  investigation,  comparison  measurements 
were  made  of  the  electrical  output  of  various  commercially  availa- 
ble pressure  transducers.  These  transducer  systems  were  tested 
utilizing  various  coupling  systems  (catheters  and  needle  combina- 
tions) which  are  currently  being  used  for  physiological  measurement. 
The  electrical  output  of  these  systems  was  measured  in  two  ways: 

(a)  when  the  input  pressure  was  applied  by  a variable  frequency 
sine  wave  pressure  pump  (pistonphone) , and  (b)  when  the  amplitude 
versus  frequency  response  was  calculated  from  the  measured 
response  of  the  system  to  a pressure  step  function.  Measurements 
obtained  in  this  manner  were  then  compared  with  the  amplitude 
versus  frequency  response  of  these  same  systems  as  measured  by 
absolute  calibration  methods.  The  facilities  of  the  Navy  Underwater 
Sound  Reference  Laboratory,  Orlando,  Florida,  were  used  to 
obtain  absolute  response  measurements  . Graphs  showing  the 
amplitude  versus  frequency  response  of  the  various  systems 
measured  as  well  as  the  comparison  curves  to  demonstrate  the 
reliability  of  the  conventional  methods  of  response  measurement 
are  included  as  Appendix  B. 
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In  Phase  II  of  this  investigation,  the  theory  of  transducer 
response  for  tumped  systems  (considered  in  Phase  I)  was  extended 
to  a consideration  of  a transducer  system  having  more  than  one 
degree  of  freedom  (distributed  system)  „ For  this  purpose,  the 
capacitance  type  transducer  with  a very  long  polyvinyl  catheter  was 
used  as  the  test  system.  Measurement  of  physical  constants  of 
this  system  were  carried  out  and  the  electrical  transmission,  line 
theory  was  applied  to  the  catheter.  This  theory  was  then  tested  for 
closeness  of  fit  by  comparing  the  measured  response  of  the  system 
to  the  response  of  the  system  calculated  in  accordance  with  the 
developed  theory.  Also,  theoretical  consideration  was  given  to  the 
effect  of  varying  physical  constants  upon  the  response  of  the  system. 
These  effects  are  shown  in  graphs  included  in  the  text  of  this  reports 
A damping  segment  was  designed  based  upon  the  theoretical  concepts. 
This  unit  was  found  satisfactory  for  producing  variable  damping  in  a 
transducer  system,  and,  thereby,  improving  the  amplitude  versus 
frequency  response  of  the  system  and  reducing  acceleration  artifacts. 
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INTRODUCTION 


A.  PURPOSE 

In  this  study  of  the  circulatory  system,  it  is  desirable  to  be 
able  to  measure  relatively  small  pressures  which  are  instantaneously 
varying  with  time.  Such  measurements  are  particularly  significant 
in  physiological  investigations  on  the  human  centrifuge  where  very 
rapid  changes  in  pressure  are  observed.  It  is  further  desirable  to 
make  these  measurements  with  minimal  alteration  of  the  flow  charac- 
teristics and  of  the  function  of  the  circulatory  system.  Devices  for 
converting  a rapidly  varying  pressure  phenomenon  into  an  electrical 
replica  have  been  termed  transducers.  In  order  to  obtain  pressure 
measurements  with  minimal  alteration  of  the  circulatory  system, 
investigators  have  found  that  either  the  transducer  must  be  of 
relatively  small  diameter  with  respect  to  the  blood  vessel  so  that  it 
may  be  introduced  directly  into  the  blood  vessel  in  which  the  pressure 
is  to  be  measured,  or  the  transducer  must  be  connected  to  the  point 
of  measurement  through  a hydraulic  transmission  line,  or  catheter, 
which  may  be  inserted  into  the  vessel  to  the  point  of  measurement 
(1,2,3,  and  4).  Technical  difficulties  have  limited  the  development  of  a 
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generally  satisfactory  system  of  the  first  type.  However,  systems 
of  the  second  type,  utilizing  a small  relatively  stiff  catheter  as  a 
hydraulic  transmission  line,  have  been  developed  which  are  quite 
successful. 

B„  IMPORTANCE  OF  PROBLEM 

Although  technical  developments  in  the  past  few  years  have 
made  available  several  types  of  pressure  transducer  systems  which 
have  been  utilized  in  cardiovascular  research,  research  and  develop- 
ment into  methods  of  testing  these  devices  have  been  relatively  limited. 
The  acceptability  of  pressure  transducer  systems  for  physiological 
use  has  primarily  been  based  upon  the  measurement  of  the  frequency 
response  of  the  system  to  a sine  wave  function  of  pressure  or  to  a 
square  wave  function  of  pressure.  Evaluation  of  transducer  systems 
by  their  response  to  a variable  frequency  pressure  sine  wave  is 
generally  accomplished  by  the  measurement  of  the  system  output  when 
the  input  pressure  is  supplied  by  a variable  frequency  sine  wave 
pressure  pump,  frequently  called  a pistonphone.  In  order  to  utilize 
a pressure  pump  as  a measuring  system,  it  is  apparent  that  some 
method  of  calibration  of  the  pressure  pump  is  necessary  in  order  to 
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adequately  evaluate  the  system  being  tested.  When  a transducer 
system  is  evaluated  on  the  basis  of  its  response  to  a square  wave 
pressure  function,  the  output  amplitude  versus  frequency  response  is 
determined  by  measurement  of  the  oscillations  of  the  system  when 
excited  by  a pressure  step  function  and  the  application  of  a series  of 
mathematical  calculations  presented  by  Frank  (5)  to  these  measure- 
ments. However,  these  calculations  assume  that  the  transducer 
system  may  be  treated  as  a system  with  one  degree  of  freedom  con- 
sisting of  a concentrated  mass,  a spring,  and  a constant  friction  force. 
If  visco-elastic  catheters  are  used  as  fluid  transmission  lines  , (an 
application  for  physiologists),  this  assumption  of  a simple  mechanical 
system  may  not  be  valid.  An  evaluation  of  the  validity  of  these 
assumptions  when  applied  to  transducer  systems  being  used  in  physio- 
logical research  is,  therefore,  indicated. 

C.  APPROACH  TO  PROBLEM 

Before  discussion  of  this  problem,  it  is  desirable  to  define  the 
following  terminology: 

The  system  refers  to  the  complete  hydraulic  path  from 


the  site  of  pressure  measurement  to  the  point  of  conversion 
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of  mechanical  to  electrical  energy. 

A simple  system  (or  system  of  one  degree  of  freedom) 
is  one  which  has  only  one  appreciable  mass,  spring,  and 
friction  loss  such  as 


Figure  1 - Diagram  of  Simple  Mechanical  System. 


A distributed  system  is  one  which  has  a large  (or  infinite) 
number  of  masses,  springs,  and  friction  losses  as 

(wall  and  liquid  elasticity) 


Elastic 
Tube  filled 
with  liquid 


f 


mm 

y-Y.V-'. 

v. 


(friction  arising  from  viscosity 
of  liquid) 

Figure  2 - Diagram  of  Distributed  Mechanical  System. 


The  lumped  system  is  often  used  interchangeable  with  a 
simple  system, 

Response  is  used  to  denote  the  electrical  output  of  a 
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transducer  corresponding  to  a defined  pressure  input 
function. 

Step  function  response  means  the  shape  or  the  output 
voltage -time  curve  as  a sudden  change  from  one  pressure 
to  another  is  impressed  on  the  input. 

Amplitude -frequency  response  is  the  shape  of  the  envelope 
of  the  output  voltage -time  curve  wheti.  a pressure  sine 
wave  is  impressed  on  the  input,  and  the  frequency  of  the 
wave  is  varied  uniformly  with  time  from  a low  to  a high 
value . 

Resonance  is  the  term  applied  to  any  point  on  the  amplitude - 
frequency  response  where  the  curve  goes  through  a maxi- 
mum value.  In  a distributed  system,  many  resonances 
occur  corresponding  to  the  frequencies  where  the  system 
is  a multiple  of  a half  wave  length. 

The  first  resonance  mode  is  the  frequency  at  which  the 
system  is  a half  wave  length;  the 

second  resonance  mode  is  the  frequency  at  which  the 
system  is  a full  wave  length,  and  so  on. 

Most  of  the  mathematics  used  in  this  paper  are  taken  from 
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electric  circuit  theory;  i e.,  certain  mechanical  assemblies  are 
recognized  as  being  governed  by  the  same  differential  equations  as 
specific  electrical  configurations;  the  only  differences  are  in  the 
meaning  of  the  constants  and  quantities  differentiated.  This  simi- 
larity of  equations  leads  to  the  concept  of  analogs,  or  the  relation 
between  an  electrical  quantity  and  its  corresponding  mechanical 
quantity  in  their  corresponding  mathematics.  For  example,  the 
simple  system  of  Figure  1 is  the  analog  of  the  series  resonant 
circuit. 


C L R 

\ j- — 'ToT VV\ — 

* 

Figure  3 - Diagram  of  Electrical  Analog  of  Simple  Mechanical 
System. 


The  mass  m is  the  analog  of  the  electrical  inductance  L?;  the  spring 
constant  K is  the  analog  of  the  reciprocal  of  the  capacitance  */C;  and 
the  friction  constant  R is  the  analog  of  the  resistance  Re,  Similarly, 
the  distributed  system  of  Figure  2 is  assumed  to  be  the  analog  of  an 
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electrical  transmission  line  . 


o— — o 

L-d*  Cd.  Red 

o- — o 

Figure  4 - Diagram  of  Electrical  Analog  of  Distributed  Mechanical 
System. 


Justification  of  this  assumption  is  dependent  upon  the  agreement  of 
the  responses  of  the  analogous  systems,  and,  therefore,  is  considered 
later  in  the  text  of  this  report.  However,  the  mass,  spring  constant, 
and  friction  constant,  all  per  unit  length,  (m^,  K^,  and  R^)  are  the 
analogs  of  the  inductance,  reciprocal  of  capacitance,  and  resistance, 
all  per  unit  length,  (Ld*  '/^d»  allCi  Red)*  It  is  to  be  noted  that  the 
leakage  conductance,  per  unit  length  Cd  kas  been  omitted,  but  will  be 
considered  later.  Other  analogs  necessary  to  complete  the  relation 
between  the  distributed  electrical  and  mechanical  systems  are  for  the 
current,  the  voltage,  and  the  charge  (i,  v,  and  q).  The  analogs  of 
these  quantities  are  velocity,  force,  and  position,  respectively 
(V,  F,  and  x).  Definitions  for  all  symbols  used  herein  are  included  in 
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The  purpose  of  these  investigations  is  to  compare  the  response 
characteristics  of  several  physiological  pressure  transducer  systems 
as  determined  by  conventional  methods  (response  to  a pressure  step 
function  and  the  amplitude -frequency  response  to  a pressure  sine  wave) 
with  the  response  characteristics  as  obtained  by  using  absolute  cali- 
bration methods  .#  Based  upon  these  absolute  calibrations,  the  approxi- 
mate theory  for  distributed  systems  as  postulated  by  Hansen  (6)  has 
been  examined  on  the  basis  of  electrical  transmission  Line  theory.  The 
correlation  of  the  fit  between  the  electrical  analog  and  the  distributed 
mechanical  system  has  been  tested  by  comparing  the  theoretical  with 
the  absolute  response  characteristics.  It  is  felt  that  a better  under- 
standing of  the  theory  of  transducer  systems  of  both  the  simple  and 
distributed  types  would  permit  a more  effective  utilisation  of  this 
type  of  apparatus  by  physiologists  engaged  in  acceleration  research 
at  the  Aviation  Medical  Acceleration  Laboratory.  Therefore,  in 
Phase  II  of  this  report,  the  theory  of  a distributed  system  is  con- 
sidered and  a formulation  of  a mathematical  expression  for  the  response 

% AbsoLute  calibration  of  the  experimental  apparatus  was  made  by 
the  personnel  of  the  Office  of  Naval  Research,  Underwater  Sound 
Reference  Laboratory,  Orlando,  Florida. 
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of  such  a system  is  derived  and  tested  against  experimental  data. 
Various  physical  factors  of  the  system  are  varied  and  the  theoretical 
effect  of  such  variations  calculated.  Based  upon  the  implications  of 
these  derivations,  a damping  device  has  been  designed  which  would 
be  effective  in  decreasing  the  resonance  frequency  overshoot,  thus 
making  the  transducer  system  a more  linear  measuring  instrument. 
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REVIEW  OF  THE  LITERATURE 

The  study  of  transducers  was  first  undertaken  by  physicists 
working  in  the  fields  of  physics  and  engineering  of  acoustics  and 
hydroacoustics.  Considerable  progress  has  been  made  with  the 
theory  as  weLl  as  the  use  of  transducers. 

The  application  of  acoustical  knowledge  to  the  specific  problems 
of  measuring  physiological  pressures  was  first  reported  by  Frank  (5) 
in  which  he  presented  a theoretical  and  experimental  analysis  of  trans- 
ducer systems  in  which  component  sections  responded  to  pressure 
phenomena,  simultaneously.  Frank  used  a rapid  change  in  static 
pressure  applied  to  the  transducer  input  as  a test  signal.  The  response 
or  output  of  the  transducer  was  used  as  a basis  upon  which  to  analyze 
the  performance  of  the  system,  He  recognized  this  response  as  the 
solution  to  a particular  differential  equation  and  applied  numerous 
mathematical  techniques  to  this  equation,  so  that  the  manner  in  which 
the  output  amplitude  varied  with  frequency  could  be  calculated  when  a 
constant  amplitude -variable  frequency  sinusoidal  pressure  was  applied 
to  the  transducer  output.  Based  upon  the  principles  of  manometry 
elaborated  by  Frank  (5),  numerous  investigators  undertook  the  design 
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of  physiologically  useful  pressure  transducers  utilizing  various 
different  physical  principles  . Wiggers  (7),  Broemser  (8),  and 
Hamilton  (9),  developed  mechanico-optical  transducer  systems  in 
which  the  pressure  variation  was  used  to  cause  variable  flexion  of  a 
glass  or  metal  diaphragm,  in  which  the  amount  of  flexion  of  the 
diaphragm  was  then  optically  amplified,  enabling  the  signal  to  be 
calibrated  against  known  pressures.  Many  mechanico-electrical  trans- 
ducers have  been  developed  utilizing  various  electrical  variables  as 
indicating  systems.  Variable  resistance  systems  have  been  developed 

II 

by  Shutz  (10)  and  by  Wagner  (11).  Lambert  and  Wood  (12)  have 
successfully  modified  a commercially  available  variable  resistance 
transducer  for  physiological  use.  The  use  of  the  piezo-electric 
characteristics  ox  certain  crystals  (quartz,  and  barium  tit  an  ate) 
has  been  investigated  as  the  basis  for  §>  physiological  pressure 
transducer  without  remarkable  success  (MacLeod  and  Cohn  (13)  and 
Lowry  (14)).  However,  investigations  into  the  use  of  variable  inductance 
transducer  systems  have  been  more  successful.  This  system,  devised 
by  Wetterer  (15)  and  later  modified  by  Gauer  (1)  should  prove  a very 
useful  physiological  tool. 


1 ** 
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The  use  of  a variable  capacitance  circuit  in  which  the  distance 
between  condenser  plates  is  varied  by  variations  in  pressure  has  been 

II 

investigated  by  several  experimenters,  including  Shutz  (16);  a group 
of  Danish  workers  — Bucthal  and  Warburg  (17),  Skouby  (IB),  and 
Hansen  (6);  and  by  an  American  group  Lilly  (19),  Peterson,  Dripps, 
and  Risman  (3).  Perhaps  the  most  significant  contribution  was  made 
by  the  Danish  group.  They  improved  upon  the  equipment  of  Frank 
and  extended  the  theory  to  include  systems  which  did  not  include  oscil- 
lations when  excited;  i.e.  , critically  damped  and  overdamped  systems. 
These  investigators  employed  a variation  of  the  pistonphone  method  of 
response  measurement  and  compared  the  pistonphone  results  with 
those  which  were  calculated  from  a rapid  change  in  static  pressure. 
They  were  also  the  first  experimenters  to  propose  an  approximate 
theory  for  systems  in  which  the  effects  of  a varying  pressure  phe- 
nomena did  not  occur  simultaneously  (distributed  systems).  This 
condition  exists  when  plastic  catheters  are  used.  A presentation  of 
the  results  of  their  findings  together  with  the  techniques  of  use  are 
presented  in  an  English  language  monograph  (Hansen  (6)),  along  with  a 
very  complete  review  of  the  development  of  the  theory  and  techniques 
of  manometry. 
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Concomitant  with  the  development  of  physiologically  useful 
pressure  transducers  by  physiologists  and  biophysicists,  investigators 
interested  in  hydroacoustics  were  responsible  for  developments  which 
were  valuable  in  the  field  of  physiological  manometry  — the  extension 
of  the  theorem  of  reciprocity  to  the  calibration  of  acoustic  transducers 
(20),  and  the  development  of  absolute  low  frequency  calibration 
system  for  hydrophones  (21)  „ These  two  contributions  in  hydroacoustic 
were  significant  because  they  made  available  a system  of  measurement 
which  did  not  require  the  use  of  a standard  of  assumed  calibrations 
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EXPERIMENTAL  PROGRAM 

This  paper  has  been  divided  into  two  phases.  In  phase  I, 
the  theory  of  transducer  system  response  for  simple  systems  will 
be  examined. 

Response  measurements  were  made  of  various  pressure 
transducers  and  transducer  fittings  and  coupling  systems  using 
pressure  step  function,  sine -wave  pressure,  and  absolute 
calibration  techniques.  The  results  of  these  tests  will  be 
compared  to  determine  the  adequacy  of  conventional  testing 
procedures  and  thereby  to  evaluate  the  assumption  that  these 
systems  may  be  treated  as  simple  or  lumped  systems. 

In  Phase  II,  the  theory  for  transducer  systems  which 
was  tested  in  Phase  I will  be  expanded  to  consider  systems 
containing  a relatively  elastic  catheter  and  one  which  is  relatively 
long  in  relation  to  the  half  wave  length  of  the  frequency  to  be 
studied.  This  theory  will  be  tested  experimentally  and  will  be 
examined  by  variation  of  some  of  the  equation  coefficients  . 
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PHASE  I 

LUMPED  SYSTEMS 

A.  DEVELOPMENT  OF  EVALUATION  METHODS;  THEORY  OF 

LUMPED  SYSTEMS 

V/hen  this  work  was  first  undertaken,  some  time  was  spent 
seeking  a method  of  determining  the  aoility  of  a transducer  system 
that  would  reproduce  a rapid  pressure  variation.  There  were  two 
possibilities  open.;  (a)  the  measurement  of  the  response  of  a system 
to  a pressure  step  function  and  subsequent  calculation  of  the  amplitude 
versus  frequency  response,  and  (o)  the  measurement  of  the  amplitude 
of  the  output  signal  when  a variable  frequency  pressure  sine  wave  of 
constant  amplitude  was  impressed  upon  the  system.  Because  the 
step  function  could  be  produced  more  readily,  and  because  it  represented 
the  phenomena  being  measured  more  accurately  than  a sine  wave,  it 
was  chosen  for  the  initial  tests.  Earlier  workers  produced  pressure 
step  functions  in  the  following  ways:  (a)  hydraulic  pressure  was 

suddenly  applied  to  the  transducer  by  rapidly  opening  a stopcock  to  a 
connected  pressure  source,  (b)  air  under  pressure  was  applied  to  a 
chamber  over  the  transducer  and  then  suddenly  released  by  rupturing 
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a paper  or  rubber  diaphragm,  (c)  hydraulic  pressure  was  rapidly 
decreased  by  pulling  buck  on  a fluid  filled  syringe  coupled  to  the 
transducer  , or  (d)  a hydraulic  pressure  on  the  transducer  was 
decreased  by  sucking  on  the  coupling  needle  or  catheter,  then  the 
pressure  orifice  was  sealed  with  the  tongue  or  finger  which  was  then 
rapidly  removed  from  the  orifice  releasing  the  pressure.  The  latter 
system  was  most  satisfactory  from  the  practical  point  of  view. 

Method  (b)  was  tried  and  found  to  produce  extraneous  vibration  in 
addition  to  the  step  function.  Pressure  transducers  alone  are  usually 
sensitive  to  movement  (acceleration)  as  well  as  pressure,  and  trans- 
ducers with  fluid  filled  catheters  are  always  very  sensitive  to  move- 
ment. These  extraneous  vibrations  obscured  the  step  function  response 
in  this  method  and  make  it  unsuitable,  A variation  of  this  method  (b)» 
the  breaking  of  a glass  tube,  was  tried  and  discarded  for  the  same 
reason.  The  syringe  plunger  and  stopcock  methods  were  not  tried 
because  such  equipment  introduced  a significant  volume  which  could 
resonate.  (The  early  tests  were  made  on  the  transducer  alone,  ard 
on  the  transducer  with  a stopcock  and  needle both  of  these  combi- 
nations have  relatively  high  natural  frequencies,  i.e.  , 1200  cps.)  A 
method  was  finally  devised  whereby  a pressure  step  function  could  be 
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Figure  5 - Pressure  Step  Function  Generator  Showing  Statham 

Transducer  Being  Tested. 
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produced  with  very  little  energy  expenditure.  It  consisted  of  a 
10  x 20  x 1 mm.  plastic  chip  covered  with  rubber  and  suspended 
from  two  springs.  This  chip  was  held  over  the  transducer  opening 
by  pressure  from  the  experimenter’s  fingernails  or  by  a thread  from 
which  was  suspended  a weight.  After  hydraulic  pressure  was  applied 
from  an  external  source,  the  chip  was  suddenly  released  by  moving 
the  fingers  slightly  or  by  cutting  the  supporting  thread  (Figure  5). 

The  springs  retracted  the  chip  which  opened  the  transducer  to  atmos- 
pheric pressure  in  a short,  but  measurable  time  interval.  A plain 
plastic  chip  was  also  used  to  produce  an  impulse  of  negative  pressure 
when  a pulse  with  relatively  short  rise  time  or  low  amplitude  was 
needed.  (An  impulse  may  be  defined  as  a pulse  of  unspecified  shape 
which,  however,  is  unidirectional,  and  which  has  a duration  much 
shorter  than  the  duration  of  a desired  response.) 

A modification  of  system  (d)  was  found  useful  for  test  purposes, 
such  as ‘the  determination  of  whether  or  not  a system  was  completely 
liquid  filled.  The  plastic  and  rubber  chip  had  one  disadvantage  in  that 
the  surface  tension  of  the  liquid  caused  a spurious  pressure  decrease 
when  the  chip  was  first  released.  Thus,  the  pressure  function  impressed 


-aa- 


Aviation  Medical  Acceleration  Laboratory 
REPORT  NO.  NADC-MA-5206 


-21- 


Figure  6 - Pressure  Step  Function  Generator  and  Recording 

Equipment . 
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on  the  system  under  test  was  a combination  of  an  impulse  and  a 
step  function.  Several  transducers,  many  combinations  of  trans- 
ducer and  fittings,  and  combinations  of  transducer,  fittings,  and 
catheter  were  excited  by  the  above  described  pressure  functions, 
and  records  of  their  responses  were  made  by  the  use  of  a dual  beam 
cathode  ray  oscilloscope  with  d.c.  amplification.  The  beam  oscil- 
lations were  recorded  photographically  by  a camera  with  continuously 
moving  35  mm.  film  (Figures  6,  7,  and  8). 

B.  RESULTS  OF  SYSTEMS  MEASUREMENT 

Although  the  transient  response  of  a transducer  system  is  a 
useful  evaluation  of  its  performance,  it  is  also  useful  to  consider  the 
amplitude  versus  frequency  response  of  the  system.  Engineers  have 
used  this  response  for  communication  system  evaluation  for  many 
years  and  many  pressure  measuring  systems  used  in  physiology  have 
been  judged  entirely  from  this  response.  In  the  case  of  the  simple 
lumped  system  (system  with  one  degree  of  freedom),  it  is  a relatively 
simple  matter  to  transform  the  step  or  impulse  function  response  into 
an  amplitude  versus  frequency  response  (6,  22 , 23,  amd  24).  The  equa- 
tion governing  a simple,  lumped,  series  resonant  circuit  driven  by  a sine 
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wave  of  constant  amplitude  and  frequency  is 

-f.  R.&2L  4*  = Y sin  Kt  . n) 

dtz  dt  ' ; 

Where  t = time 

x s position  of  the  mass  m at  the  transducer  opening, 
R = mechanical  resistance  referred  to  the  transducer 
opening, 

K z spring  constant  (in  Hook’s  Law)  at  the  transducer 
opening, 

Y s the  amplitude  of  the  driving  force,  and 
V*  frequency  of  the  driving  force . 

The  steady  state  solution  of  this  equation  is 


The  coefficient  of  the  cosine  indicates  how  the  amplitude  of  the  steady 
state  driven  system  varies  with  the  driving  frequency  "V^”  for  a fixed 
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Figure  7 -Oscillogram  of  Step  Function  Response  of  Technitrol 

"Lilly"  Transducer,  Stopcock  and  Short  No.  24  Needle. 


Figure  8 - Oscillogram  of  Step  Function  Response  of  Technitrol 
"Lilly"  Transducer,  Stopcock,  Short  No.  24  Needle, 
and  258  cm.  No.  19  Polyvinyl  Catheter  . 


Figure  9 - Oscillogram  of  Pressure  Step  Function  Response 

Showing  Measurements  Used  for  Determination 
of  Response . 
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driving  amplitude  Y.  If  the  values  of  K/m  and  R/m  can  be  found,  the 
relative  amplitude  versus  frequency  response  may  be  computed  since 
m is  constant. 

The  following  gives  the  equation  governing  the  simple,  lumped, 
series  resonant  circuit  driven  by  a step  function 


mdS  + Rfr+KX=s 


(3) 


Where  S is  the  height  of  the  step  function  and  all  other  quanti- 
ties are  the  same  as  in  Equation  (1),  the  solution  to  this  equation  is 
found  to  be 
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The  appearance  of  this  solution  (response)  is  a rapid  amplitude  change 
on  which  is  superimposed  a sine  wave  whose  maximum  value  decreases 
with  time  (Figure  9 ) . 
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Direct  measurement  of  x is  not  practical.  However,  a 
recording  of  the  transducer  output  voltage  may  be  scaled  and  measured. 
Since  this  voltage  is  proportional,  to  x,  its  record  may  be  used  inter- 
changeably with  x when  the  response  relative  to  static  pressure 
response  is  desired.  Suppose  x is  measured  at  a maximum  or  mini- 
mum of  the  sine  wave  where  the  final  steady  value  of  pressure  is 
taken  as  the  origin,  then 


sin 

and 

or 
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similarly,  at  another  maximum  or  minimum 
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where  1 and  m'  are  the  integral  number  of  peaks  (positive  or  negative) 
starting  with  the  first  as  0,  the  second  1,  etc.  Therefore,  substitution 
of  Equation  (5)  into  Equation  (4)  and  taking  the  ratio  of  gives 
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Where  m ' - 1 is  the  number  of  intervals  of  adjacent  maxima  and 


minima  between  the  occurrence  of  x^  and  Xj-ji ' . 
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Substitution  of  Equations  (7)  and  (8)  in  Equation  (2)  and  variation 
of  Y provide  points  on  the  desired  amplitude  versus  frequency 
■curve  (relative  to  the  response  at  static  pressure,  i.e.,  aero  fre- 
quency). This  method  of  obtaining  the  amplitude -frequency  curve 
applies  only  when  the  system  is  ''underdamped,"  i.e.,  when  there 
are  enough  cycles  of  the  natural  frequency  in  the  response  to  allow 
the  measurement  of  the  damped  natural  frequency  ( Clift  d 3 Srfftd)  and 
the  decrement  • | ^ 

Xm 


When  the  system  is  nearly  "critically  damped"  or  "over- 
damped," the  response  is  not  oscillatory,  and  the  solution  to  the 
governing  equation  (for  the  overdamped  case)  is  appropriately  a hyper- 
bolic function  instead  of  a circular  function.  The  amplitude -frequency 
curve  may  still  be  obtained  from  the  step  function  response  using  the 
tables  (Tables  I and  11)  and  method  of  Erik  Warburg  (24).  Warburg 
has  prepared  a table  of  the  time  occurrence  in  the  step  function  response, 
of  the  40  per  cent  and  90  per  cent  of  final  amplitude  points  for  various 
degrees  of  damping.  Thus,  the  40  per  cent  and  90  per  cent  amplitude 
can  be  located  in  time  from  the  step  function  response  and  the  ratio  of 
these  time  values,  compared  to  Warburg's  Tables  (24),  to  find  R/m  and 
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_ g R 

and  K/m.  (In  Warburg's  notation  rv£  f * and  VmK  U is 

m * 

first  found  in  (24)).  Table  II  by  the  ratio  of  ^ 9 * S * Then*!* 

is  found  in  (24),  Table  II.  Since  is  known,  \/j£.  may  be  computed 

and  multiplication  of  /ET  by  Q gives  fm  . The  record  for  the 
nearly  critically  damped  system  exhibits  only  a half  oscillation 
(or  less)  of  short  duration  which  must  be  used  for  time  measurement. 
Thus,  for  the  nearly  critically  damped  case,  accurate  time  measure- 
ment is  difficult. 

C . DISCUSSION  AND  COMPARISON  OF  RESULTS  FROM  DIFFERENT 
TESTING  SYSTEMS 

Using  step  function  responses  and  the  above  described  methods, 
response  curves  were  computed  for  pressure  transducers  of  three 
basic  types:  (a)  variable  capacitance  transducers  (Lilly  manometer 
and  Sanborn  electromanometer),  (b)  variable  resistance  transducers 
(Statham  unbonded  strain  gauge),  and  (c)  variable  reluctance  transducers 
(Wetterer -Gauer  gauge).  The  transducer  systems  measured  together 

with  the  various  types  and  dimensions  of  catheters  studied,  and 
the  response  curves  obtained  for  these  various  catheter- gauge 
configurations  are  included  in  Appendix  B. 
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Figure  10  - Underwater  Sound  Reference  Laboratory  Low 

Frequency  Calibration  Tank. 
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It  was  necessary  to  validate  the  data  obtained  by  the  above 
methods.  The  Underwater  Sound  Reference  Laboratory  at  Orlando, 
Florida,  is  operated  by  the  U.  S»  Navy  for  the  purpose  of  setting 
standards  for  all  of  their  hydroacoustic  equipment  (sonar,  etc,). 

The  equipment  used  by  this  laboratory  is  ideal  for  checking  the  step 
function  results.  Consequently,  amplitude -frequency  responses  of 
many  combinations  of  transducers,  fittings,  and  catheters  were 
directly  measured  using  the  USRL  facilities.  There  were  two  methods 
employed  in  these  measurements.  The  free-field  reciprocity  method 
(20),  carried  out  in  a large  lake,  was  used  for  the  frequency  range 
of  40  to  5000  cps.  The  low  frequency  tank  (21)  was  used  for  the 
frequency  range  of  3 to  100  cps.  (Figure  10).  The  transducers  and 
combinations  of  transducers,  fittings,  and  catheters  studied  by  step 
function  response  methods  were  also  calibrated  by  these  absolute 
methods.  Graphs  of  the  results  are  included  in  Appendix  B. 

The  "pis^onpho^^e,,  or  pressure  sine  wave  generator  devices 
were  also  used  for  transducer  evaluation.  Two  of  these  devices 
were  available  for  test.  The  pistonphone  (a  small  motor  driven 
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Figure  11  - AMAL  Pistonphone  Showing  Monitoring  Gauge 

(Lilly  Capacitance  Type)  in  Position  and 
Statham  Gauge  Being  Tested. 
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valveless  pump),  procured  from  the  Basic  Science  Branch  of  the  Mayo 
Foundation,  was  tested  and  found  to  impart  too  much  mechanical  vibra- 
tion to  the  system  under  test.  The  Aviation  Medical  Acceleration 
Laboratory  pistonphone  was  tested  and  thought  to  require  some  redesign 
along  the  lines  of  the  Underwater  Sound  Reference  Laboratory  low 
frequency  tank  (21)  before  its  use  would  be  feasible.  This  redesign 
provided  for  a completely  filled  liquid  chamber  and  for  easier 
introduction  of  the  manometer  system  into  the  pistonphone  chamber. 

The  rebuilt  pistonphone  was  found  to  have  a remarkably  constant 
response  from  7 to  700  cps.  when  one  of  the  Underwater  Sound 
Reference  Laboratory  tested  transducers  was  used  as  a monitor 
(Figure  11).  This  pistonphone  was  then  used  to  measure  the 
amplitude -frequency  responses  of  many  of  the  transducer  system 
combinations  which  were  calibrated  with  the  equipment  at  the  Under- 
water Sound  Reference  Laboratory  and  with  the  step  function  method. 
Comparisons  of  the  amplitude  versus  frequency  response  curves 
obtained  by  the  step  function  pistonphone  and  absolute  calibration 
techniques  for  the  various  transducers  and  combinations  of  transducers, 
fittings,  and  catheters  have  been  made. 
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Figure  12  - Comparison  of  Three  Methods  of  Response  Measurement 
Using  Sanborn  Variable  Capacitance  Transducer. 
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Figure  13  - Comparison  of  Three  Met’fiods  of  Response  Measurement 
Using  Lilly  Variable  Capacitance  Transducer . 
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igure  15  - Comparison  of  Three  Methods  of  Response  Measurement 
Using  Gauer  Variable  ReLuctance  Transducer. 
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A few  of  the  results  of  the  comparisons  of  the  three  methods 
are  shown  in  Figures  12,  13,  14,  and  15 „ Each  figure  is  for  a 
different  type  of  manometer  and  the  volume  displacements  of  the 
manometers  differ  widely.  Since  the  pistonphone  and  step  function 
methods  yield  only  relative  responses,  their  output  curves  at  and 
near  the  frequency  of  zero  cycles  per  second  were  superimposed  on 
the  curves  from  the  absolute  method.  Figures  12  and  13  show  the 
response  of  a nearly  critically  damped  system  employing  catheters. 

The  disagreement  of  the  responses  calculated  from  step  function 
records  was  thought  to  be  due  to  the  inability  to  accurately  measure 
the  quantities  needed  for  the  calculation  in  a nearLy  critically 
damped  system.  Figure  14  is  a less  damped  system  and  shows  better 
agreement,  while  Figure  15  shows  the  responses  fior  a manometer 
which  has  a replaceable  rubber  diaphragm.  The  difference  in 
resonant  frequency  is  explained  by  differences  in  the  rubber  diaphragms. 
Also,  the  pistonphone  response  is  shown  only  up  to  700  cycles  per 
second  because  the  pistonphone  monitor  response  ceased  to  be  constant 
above  that  frequency.  In  nearly  all  cases,  agreement  of  the  three 
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methods  of  measurement  was  excellent,  For  example,  the  curves 
computed  from  step  function  responses  of  systems  containing  one 
meter  of  catheter  showed  good  agreement  with  the  Underwater  Sound 
Reference  Laboratory  and  pistonphone  measurements  suggesting  that 
the  system  responded  essentially  as  a one  degree  of  freedom  system. 

From  an  analysis  of  these  data,  one  concludes  that,  properly 
handled,  the  pistonphone  and  step  function  evaluation  methods  give  a 
true  description  of  the  amplitude  versus  frequency  response  of  a given 
manometer.  Also,  in  view  of  the  reliability  of  both  methods,  it  is  the 
opinion  of  these  investigators  that  the  observation  of  a manometer's 
response  to  a pressure  step  function  is  a better  criterion  for  evaluation 
than  an  amplitude -frequency  response,  since  ail  physiological  pressure 
phenomena  are  non- sinusoidal  in  character. 

The  inference  that  the  transducer  systems  studied  could  be 
considered  for  practical  measurement  purposes  as  a system  having  one 
degree  of  freedom  was  further  tested  by  measurement  of  the  velocity  of 
propagation  along  the  catheters.  This  measurement  was  accomplished 
by  applying  equivalent  step  functions  to  a short  and  a long  catheter  of 
equal  interval  dimensions  simultaneously  through  a "Y"  coupling.  Both 
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catheters  were  connected  to  manometers  which  were  in  turn  connected 
to  a double  beam  oscilloscope.  The  records  of  the  two  systems  were 
photographed,  and  the  time  delay  between  the  appearance  of  this  step 
function  response  through  the  two  catheters,  together  with  the  differ- 
ence in  length  of  the  catheters  furnished  data  from  which  the  velocity 
of  propagation  was  calculated.  It  was  found  necessary  to  reverse  the 
positions  of  the  two  manometers,  make  another  record,  and  average 
the  results  of  the  two  since  the  difference  in  time  delay  between  sepa- 
t ate  manometers  was  enough  to  make  a considerable  error  in  the 
velocity.  The  velocity  was  found  to  be  980  meters  per  second.  There- 
fore, the  wave  length  at  a frequency  of  100  cycles  per  second  was 
about  10  meters.  Since  the  catheter  was  always  one  meter  or  less,  it 
may  be  considered  to  be  short  in  comparison  to  a quarter  wave  length, 
provided  the  frequencies  of  interest  are  all  less  than  100  cps.  This 
fact  also  suggests  that  in  transducer  systems  with  catheters  whose 
length  is  comparable  to  those  measured,  i.e.  less  than  one  meter  the 
velocity  of  wave  propagation  is  rapid  enough  so  that  the  system  may 
correctly  be  considered  as  essentially  a lumped  system. 


In  summary . standard  methods  of  transducer  system  evaluation 
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were  tested  and  compared  with  absolute  methods.  The  standard 
methods  were  found  to  be  entirely  adequate  and  accurate.  These 
findings  further  demonstrate  that  the  theory  of  transducer  response 
measurement  based  upon  the  assumption  that  the  systems  may  be 
treated  as  simple,  lumped  systems. 
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PHASE  II 

DISTRIBUTED  SYSTEMS 
A.  STATEMENT  OF  BASIC  CONCEPTS 

All  of  the  preceding  work  was  done  with  systems  which  were 
demonstrated  to  function  as  simple  systems  with  one  degree  of  freedom. 
In  terms  of  the  electrical  analogs,  they  were  considered  as  series 
resonant,  lumped  circuits.  However,  if  catheters  with  a velocity  of 
propagation  of  considerably  less  than  980  meters  per  second  or  of 
greater  length  than  one  meter  are  to  be  used,  or  if  frequencies  higher 
than  100  cycles  per  second  are  to  be  considered,  then  the  catheter 
length  becomes  significantly  long  in  comparison  to  a quarter  wave 
length  and  the  above  assumptions  for  a lumped  system  may  not  be  valid 
even  for  an  approximation. 

Therefore,  it  was  thought  desirable  to  provide  a theory  for  the 
response  of  a transducer  system  consisting  of  a transducer  and  a 
catheter  which  would  not  be  frequency  limited.  The  solution  to  this 
problem  was  suggested  from  the  use  of  electrical  analogs  for  the  trans- 
ducer (6)  , and  the  application,  of  electrical  transmission  line  equations 
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to  the  catheter. 

The  problem  of  calculating  the  amplitude -frequency  response 
was  approached  by  measuring  the  physical  constants  ui.  the  transducer 
(R,  m»  and  K)  and  catheter  (R^,  md,  and  K^),  and  substituting  them 
into  the  solution  of  the  transmission  Line  equations.  The  of  the 
transmission  line  was  assumed  to  be  zero  since  at  static  pressure, 
the  velocity,  or  its  analog  (current)  is  zero  because  the  catheter  is 
made  of  nonporous  material.  If  was  not  zero,  current  could  not 
be  zero  at  static  pressure  if  the  analogs  are  valid. 

The  values  of  the  other  physical  constants  were  then  obtained, 
and  the  amplitude -frequency  response  of  the  system  was  calculated  and 
compared  to  the.  amplitude -frequency  response  measured  with  the 
pistonphone . The  results  of  this  procedure  for  a 258  cm.,  0,47  mm 
i.d, , barium  impregnated  polyvinyl  catheter  No.  19  gauge  used  with  a 
Technitrol  '’hilly"  transducer  are  shown  on  Figure  16.  A more  com- 
plete explanation  of  the  procedure  will  be  discussed  late?  in  this  report. 


Aviation  Medical  ,^fi*j->raUoR  Laboratory 


RKPOR  f NO.  NADO-MA  -'>206 


The  general  differential  equations  for  a tr cmsmission  line 
without  restricting  its  length  or  terminations  are 

La  & •*.*.*-$!!£■ 

8«  ' ” BX 

r , Si 

Cd8T’  + Gd"r'-8x 


or  in  the  analog  of  the  transducer-catheter  case 

Lali+R  |-  Sfir 

L<5»  ^ lx 


(9) 


8t  ‘ 8X 

where  Re(j  and  L^  are  the  resistance  and  inductance  per  unit 
length  in  series  with  the  line  and  and  are  the  conductance 
and  capacitance  per  unit  length  across  the  line.  The  Laplace  trans- 
form and  transformation  calculus  are  used  to  solve  these  differen- 
tial equations  (32  and  3 3),  If  there  is  no  initial  current  flowing 
or  initial  charge  on  the  capacitance  per  unit  length,  the  line  is  said 
to  be  initially  inert.  The  Laplace  transformed  equations  for  an 
initially  inert  line  corresponding  to  equations  (9)  are 
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81 

Ix-^sc 


— =R.rfi  + Pt  J- 

8X  •i  # 


(10) 


which  combine  to  form  the  equation 


xtn 

fe-*'0. 


where 


^=i#/pcd(PLd+S«d5  . 


(ii) 


if  the  source  impedance  is  zero,  the  solution  to  this  equation 


i*E(p)(zf+Ec)e*(^'x)-(zr2c)e'*(^~X1 
(2r+  2c)e*^  + r2f _ 

where  E(p)  = Laplace  transform  of  the  driving  voltage 


Also , 


2 ~ /pLd+Rd 
— c”  / - - — — 

V kOd 

2f=  the  terminating  impedance, 

and  J.  - the  length  of  the  line. 

,(Zr+Zc)e,fW'x'+(&-ze>e'l!<'t  X) 

~~Eip)  Ii£ jTETc^rnr- 


(12) 


(12a) 


A /_ 
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In  the  case  of  the  catheter -transducer  system,  the  source  imped- 
ance is  effectively  zero  since  the  flow  through  the  catheter  is  too 
small  to  affect  the  pressure  at  the  point  where  the  measurement 
is  being  made. 

It  is  desired  to  find  the  amplitude  versus  frequency  response 
curve  when  the  free  end  of  the  catheter  is  excited  by  a variable 
£r equency- pr essur e sine  wave.  This  xneans  that  the  amplitude  of 
the  volume  of  the  transducer  chamber  is  desired  since  the  response 
of  the  system  will  be  proportional  to  this  quantity.  The  position 
amplitude  of  the  liquid  in  the  catheter  at  the  transducer  end  multi- 
plied by  the  catheter  area  is  proportional  to  the  transducer  volume 
amplitude.  The  analog  of  the  catheter  position  amplitude  at  the 
transducer  end  is  the  amplitude  of  the  charge  on  the  terminating 
capacitor  (Figure  17).  This  cluirge  amplitude  is  proportional  to 

the  voltage  amplitude  across  the  capacitor,  since  flT  r .In 

C 

this  work,  the  analog  of  the  voltage  across  the  capacitor  was  not 
actually  obtained.  Instead,  the  analog  of  the  current  in  the  load 
was  divided  by  the  frequency  (&>),  which  quantity  is  proportional  to 
the  analog  of  the  voltage  across  the  capacitor  and.  hence,  is  pro- 
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portional  to  the  amplitude  of  the  transducer  chamber  volume. 

The  desired  relation  occurs  at  the  tiansducer,  so  x = 1 , and 

remembering  that  for  steady  state  sinusoidal  excitation,  j&j  may 
be  substituted  for  p , expiation  (12)  reduces  to 

i . 4 vr  (u) 

CUE  ‘ CU[(Hr+  lck*J’+ (Hr- Zc'e *T  J ’ 

Where  E is  the  amplitude  of  the  driving  voltage  and  V and  2 
become  

^ * /j^Cd  Cj 

V 


jR»d 


(14) 


The  solution  to  the  equation  governing  the  mechanical  system  is 
the  same  as  Equation  (13).  The  equivalent  circuit  of  the  transducer - 
catheter  system  was  assumed  to  be 


■ A 


— I>X 


m 


Rd»  md»  Kd 


■^TTSTTS^ — j 

o J_ 


_A  A A 

» v t \ / \ 


_T 


K 


catheter 


transducer 


Figure  17  - Diagram  of  Electrical  Analog  of  Transducer  - 

Catheter  System. 
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£r  is  recognised  as  the  transducer  which  is  a lumped  system, 
and  tf.  Hc,ond  Zr  become 


. if MJ-m+g. 
w ,w  *'  ' 


) 


B.  MEASUREMENT  OF  PHYSICAL  CONSTANTS  OF  SYSTEM 


It  was  not  considered  practical  to  measure  the  physical 
constants  of  the  line  and  transducer.  R/m,  W ^ nnd  K/m 
may  be  found  using  a step  function  as  described  in  the  section 
on  the  theory  of  lumped  systems  (pages  17  through  22).  If  either 
m or  K can  be  found,  all  the  values  of  R,  m , and  K may  be  calcu- 
lated. If  a variable  capacitance  type  transducer  is  used  as  the 
instrument  for  test,  the  value  of  K can  be  determined  by 
measuring  the  change  in  electrical  capacitance  for  a given 
pressure  change.  The  capacitance  change,  together  with  the 
total  capacitance,  and  transducer  geometry,  alLows  the  calcu- 
lation of  the  volume  change  for  the  given  pressure  change  (34). 
This  provides  the  pressure  to  volume  ratio  which,  when  multiplied 
by  the  reciprocal  of  the  square  of  the  transducer  opening  area,  is 
equal  to  K — the  transducer  spring  constant.  The  Technitrol 
"Lilly"  transducer  was  selected  as  the  transducer  to  be  studied. 


^49- 


Aviations  Medical  Acceleration  Laboratory 

report  no.  nadc 

The  transducer  was  arranged  with  a glass  capillary  tube 
and  a hypodermic  syringe  as  indicated  in  the  following  drawing 


to  "q"  meter 


Figure  13  - Diagram  of  System  Used  to  Measure  Change  of 

Capacitance  with  Change  of  Pressure  in  Variable 
Capacitance  Transducer. 

The  initial  capacitance  of  the  transducer  was  measured  on  the 
Boonton  "Q"  meter.  The  syringe  plunger  was  then  pressed  until 
the  bubble  in  the  capillary  indicated  by  Y was  reduced  to  half  of 
its  original  volume  indicating  one  atmosphere  of  pressure  differen- 
tial. The  total  capacitance  was  again  measured  and  the  capacitance 
difference  noted.  The  actual  measurements  for  one  atmosphere 
were  initial  capacitance  =44.5  mmf,  and  capacitance  difference 
• 4.0  mmf  a\erage. 


Using  the  formula 


(Reference  34)  (16) 
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where  € = inks  unraticnalised  specific  inductive  capacity 

2 

S - surface  area  iff*  s.iS196X  I0T  Cm  i 
for  the  Technitroi  transducer 
D * air  gap  length, 

the  spacing  D between  the  plates  of  the  transducer  capacitor  was 
computed.  D - 8. 11  x 10'^  cm 


From  Lilly  etal  (26),  the  following  formulae  were  obtained 


- . 0516  > 

where  S = relative  capacitance  signal 

C'  = capacitance  difference  » 4.0  mmf 
CQ  * initial  capacitance  = 44.5  mmf 
A'  - radius  of  diaphragm  = .475  cm,  and 
B * radius  of  fixed  plate  = .36  cm. 


H = i-N=.425  . 


(I?) 


(18) 


-51- 


Aviation  Medical  acceleration  Laboratory 
REPORT  NO . NADC  - MA - 52 Oo 


= deflection  of  the  diaphragm  at  the  center 

w - Y#/0  (19) 

Y0  = 1.218  x 10~4  cm  for  one  atmosphere 

1C 

vol.  - A’  Yo  for  the  stiff  diaphragm  (20) 

*•  ZMxIO-Smj'anao,..  3.45*I0‘*  cmVl00mm  Ha  , 

where  vol  = volume  change  for  given  deflection  y& . 

The  value  of  w was  found  from  Equation  (18)  by  choosing  values 
of  w and  substituting  in  Equation  (18)  until  an  identity  was  found. 
Thus,  the  volume  change  for  a pressure  differential  of  100  mm  Hg . 
was  found  to  be  3.45  x 10"6  cm3/i.Q0  mm  Hg.  However,  the 
volume  change  due  to  the  flexing  of  the  diaphragm  is  onLy  a portion 
of  the  total  volume  change.  This  total  is  so  small  that  the  change 
in  volume  arising  from  the  compressibility  of  water  becomes  an 
appreciable  part.  The  volumes  of  the  various  parts  of  the  trans- 
ducer include 

Chamber  .35  cm3 

Narrow  part  of  stopcock  .079  ctn3  (d  “ .193  cm.  1 = 2.7  cm) 

Miscellaneous  part  of 

stopcock  and  nipple  .075  cmJ  (d  = .416  cm,  1 - .3-t*  ,2 5) 
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Narrow  part  of 

transducer  appreciable  ,0297  cm'J  (d  = .159  cm,  1 = 1.5  cm) 

3 

Total  volume  .534  cm  . 

The  compressibility  of  water  is  49.1X10-*5  per  atmosphere  at 
20°C.  (35).  Therefore,  the  volume  change  arising  from  the  com- 
pressibility of  water  for  a pressure  differential  of  100  mm  Hg . is 
3 .45  x 10 cm^/100  mm  Hg  . 


The  total  volume  change  is,  therefore 


A P * 6,9X  i0'*emMoOsnm  Hg  51.7*  IO-,sC-r%W  (ll) 

M 9 * ~4  Will  » ' 

The  ratio  of  the  volume  change  to  the  pressure  differential  is 


found  to  be 


Avol 
A P 


AX 


« -E-  * A*g- 


f . 


(22) 


where  A is  the  cross  sectional  area  of  the  portion  of  the  transducer 
(the  opening)  where  it  is  desired  to  refer  the  values  of  the  analogs 
of  R,  m , and  K.  From  Hook's  Law: 

F=KX-  (23) 


Therefore,  from  equation  (22) 


I _ Avol  I 
K'AP  » . 


(24) 
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It  was  now  desired  to  obtain  the  effective  mass  of  the 
transducer  — an  explanation  folLows  , (27)o  The  configuration 

of  a variable  capacitance  transducer  with  a narrowed  opening,  as 
shown  in  the  following  Figure,  was  assumed. 


2ra 


Figure  19  - Diagram  of  Variable  Capacitance  Transducer  with 

Narrowed  Opening. 


Assuming  the  kinetic  energy  of  the  diaphragm  and  of  the  liquid 
immediately  in  front  of  it  are  negligible,  then 


■W 


9 


where  is  the  velocity  of  the  mass  rrij  in  the  narrowed  section, 
and  f is  the  density  of  the  liquid.  If  VII  is  the  velocity  of  the 
liquid  in  a transducer  without  a narrowed  opening,  then 
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(25) 


diaphragm  *d 


kd 


V 


Figure  20  - Diagram  of  Variable  Capacitance  Transducer  with- 
out Narrowed  Opening . 

since  for  the  case  being  considered,  the  liquid  may  he  considered 
as  incompressible.  Suppose  the  driving  force  amplitude,  fre- 
quency, and  spring  constant  for  the  systems  represented  by 
Figures  19  and  20  arc  kept  constant,  then,  since  the  spring  constant 
and  driving  force  are  the  same,  the  peak  potential  energy  of 
Figure  19  equals  the  peak  potential  energy  of  Figure  20.  Therefore, 
if  it  is  desired  to  make  the  systems  of  Figures  19  and  20  equiva- 
lent — the  peak  kinetic  energies  of  the  two  must  be  equal. 

Substituting  .Equation  (25)  into  Equation  (26) 


(26) 


(27) 
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/ 

Thus,  irijj  must  lie  limes  rnj  for  the  two  systems  to  be 

equivalent.  It  is  seen  that  if  the  mass  is  being  "referred"  to  a 
small  diameter  portion  of  the  transducer  (i.e.  , the  opening  of 
the  transducer  or  the  needle),  the  mass  of  a larger  diameter 
portion  must  be  multiplied  by  the  fourth  power  of  the  ratio  of 
the  small  to  the  large  diameter  before  it  may  be  added  to  the 
mass  of  the  small  diameter  portion.  The  effective  mass  of  the 
transducer  referred  to  the  chosen  diameter  is  the  sum  of  the 
masses  of  all  portions  of  the  transducer  treated  as  described  in 
the  last  sentence.  The  effective  mass  of  the  Technitrol  Lilly 
transducer  plus  a three-way  stopcock,  and  a .0308  cm  i.d.  by 
.95  cm  long  needle  (No.  24  gauge)  calculated  from  the  above  is 
8.03X10“^  grams  when  referred  to  the  inside  diameter  of  the 
needle. 


The  value  of  l/K  of  Equation  (24)  referred  to  the  No.  24 
gauge  needle  i.d.  was  found  from  the  value  of  of  Equation 

A P 

(21)  to  be  93. 2X10~^sec^/gram.  Using  this  value  and  the  natural 
frequency  measured  from  the  step  function  response  (assuming  no 
resistance)  in  the  equation 


(0„*2irf 


n 


(28) 
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the  mass  of  the  transducer  (referred  to  the  inside  diameter  of 
the  No.  24  gauge  needie)  was  found  to  be  10.7X10“^  grams.  It 
is  to  be  noted  that  the  assumption  of  zero  resistance  is  justified 
since  the  transducer-stopcock-needle  system  is  very  much  under- 
damped and,  therefore,  the  damped  natural  frequency  differs  in- 
appreciably from  the  natural  frequency  (Figure  7).  Comparison 
of  this  measured  value  of  m with  the  calculated  value  above 
shows  it  to  be  26  percent  greater  than  the  calculated  value, 

p 

The  value  of  — for  the  Technitrol  Lilly  transducer- stopcock 
No.  24  gauge  needle  combination  was  found  to  be  515/sec. 
from  the  application  of  Equation  (7)  to  measurements  from  the 
step  function  response  of  the  combination.  R was  found  by  multi - 

p 

plying  by  the  value  of  m calculated  from  ihe  measured  values 

of  and  (_<J  Equation  (28)  was  found  to  be  .551  gram/sec.  The 

K 

values  of  R , m , and  K of  the  transducer  were  now  known.  It  was 
still  necessary  to  get  the  values  of  R^,  m^,  and  of  the  catheter 
before  the  amplitude -frequency  response  of  the  system  could  be 
computed  from  the  transmission  line  theory. 

The  change  in  volume  for  a given  pressure  change  of  the 
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catheter  was  measured  in  a mariner  similar  to  tlie  method  used 
to  measure  the  same  quantity  for  the  transducer.  The  258  cm 
No,  19  gauge  catheter  was  assembled  with  the  glass  capillary- 
tube  and  a hypodermic  syringe  filled  with  colored  water,  and 
plugged  with  a sewing  needle,  A bubble  was  introduced  into  the 
middle  of  the  capillary  making  the  entire  assembly  appear  as 
follows 


Figure  21  - Diagram  of  System  Used  to  Measure  Change  of 

Volume  of  Catheter  with  Change  of  Pressure. 


The  syringe  was  pressed  until  the  bubble  was  reduced  to  half 
of  its  original  size  (Y0  - XG  = 2 (Y 1 - Xi),  (Figure  21).  How- 

ever, both  the  size  and  the  position  (XQ  and  Xi)  of  the  edge  of 
the  bubble  near  the  catheter  were  observed.  Assuming  the 
assembly  to  be  air  free,  and  assuming  that  the  assembly  is  rigid 
except  for  the  catheter,  the  volume  of  the  capillary  between  the 
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distal  edge  of  the  bubble  before  compression  (X0  — Figure  Zl), 
and  the  distal  edge  of  the  bubble  after  compression  (Xj  — Figure 
Zl)  represents  the  volume  change  of  the  catheter  for  one  atmos- 
phere of  pressure.  It  was  confirmed  that  the  assembly  was  air 
free  to  the  left  of  the  bubble  by  measuring  the  same  volume  change 
per  atmosphere  when  the  syringe  plunger  was  withdrawn  until  the 
bubble  was  double  size  (one-half  an  atmosphere).  Also,  the 
assembly  was  checked  for  leaks  and  sticking  by  making  sure  that 
the  bubble  came  back  to  the  same  size  and  position  when  the  syringe 
had  been  released  after  compression  or  withdrawal.  Only  a very 
slight  amount  (less  than  5 percent)  of  “creeping ,*•  Hansen  (6),  of 
the  bubble  due  to  volume  change  of  the  visco -elastic  type  in  the 
catheter  was  observed. 

The  capillary  diameter  (as  were  all  the  small  parts  dimensions) 
was  measured  on  a toolmakers  microscope  which  had  a laterally 
and  transversely  movable  stage,  the  position  of  which  could 
be  measured  to  one  ten -thousandth  of  an  inch.  This  was  con- 
venient since  the  capillary  bore  turned  out  to  be  elliptical  in 
cross  section,  and  both  axes  had  to  be  measured.  On  the  basis 
of  this  measurement  and  the  measurement  of  the  positions  of  the 
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left  edge  of  the  bubble  for  a pressure  differential  of  one  atmos- 
phere, the  volume  change  of  the  258  cm  catheter  was,  found  to 
be  79X10'^cm-V atmosphere/258  cm  catheter.  By  rearranging 


units 


Avoi 

A D 

i_4  ■ 


.000079  cm^/  atmosphere/ 258  cm  catheter 
.00003  cmVatmosphere/ 1 00  cm  catheter 
,3X10"6  cm^/atmosphere/cm  catheter 

, 296X10“  12  emS/dyne/cm^/cm  catheter  * .296X10-^2 

cm3  Sec2 
gram 


in 


Avol  Avni 

This  — ™ — — per  cm  is  similar  to  te  T~--  introduced  earlier 

A P £*  r 

( Equation  (21)),  and  per  cm  can  be  calculated  from  equation 


(24),  where  A is  now  the  cross  sectional  area  of  the  catheter.  The 
area  of  the  258.  cm  catheter  was  calculated  from  its  measured  dia- 
meter, and  was  found  to  be  .00173  cm^.  Thus,  the  value  of 


per  cm  was 


1 - Avol  I _ g «/ 

Kd  Ap  A*"  *0987x10"  s«c7gun 


(30) 


The  area  calculated  allows  the  calculation  of  an  approxima- 
tion of  the  mass  per  unit  length  m^,  which  is  .00173  gram/cm.  The 
velocity  of  propagation  along  a lossless  transmission  line  is  4^  * 
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(29),  rrifj  and  l/K^  are  the  analogs  of  and  C^.  respectively. 

The  propagation  velocity  as  calculated  from  this  approximate 
mass  was  765  meters  per  second,  as  compared  to  the  measured 
velocity  of  980  meters  per  second.  A third  value  of  velocity  was 
obtained  from  the  spacing  of  the  peaks  (excluding  the  first  one) 
along  the  amplitude- frequency  response  curve  of  the  258  cm 
catheter  as  measured  on  the  pistonphone.  The  response  of  the 
system  indicated  that  the  three  peaks  following  the  first  corres- 
ponded to  the  first  three  resonance  modes  of  the  analogous  trans- 
mission line  shorted  at  both  ends.  The  frequency  spacing  of  the 
peaks  and  the  length  of  the  catheter  allowed  the  calculation  of  the 
velocity  from  the  equation 

f XSV»  where  (31) 

( X is  twice  the  length  of  the  catheter).  The  propagation  as 
measured  by  this  method  was  found  to  ba  830  meters/sec.  The 
velocities  calculated  from  and  measured  from  the  ampli- 

tude-frequency curves  arc,  as  will  be  seen,  for  the  higher  fre- 
quency part  of  the  spectrum.  The  velocity  measured  directly  is 
for  the  low  frequency  part  of  the  spectrum  since  only  the  very  first 
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part  of  the  step  function  response  is  consider ed, and  for  tinder- 
damped  systems  low  frequencies  are  propagated  more  rapidly 
than  higher  ones.  The  mass  per  unit  length  tor  calculation  pur- 
poses was  computed  from  the  velocity  obtained  from  the  ampli- 
tude-frequency curve,  the  measured  value  of  K<i,  and  the  equation 


This  was  done  because  it  was  felt  that  the  mass  obtained  from 
either  the  velocity  as  measured,  or  by  computation  were  not  as 
accurate  as  that  obtained  from  the  amplitude -frequency  curve 
velocity.  The  value  of  computed  from  Equation  (32)  was  .00147 
gm/cm.  The  theoretical  justification  of  this  procedure  will  be 
considered  in  the.  section  on  calculation  of  distributed  system  res- 
ponse. 


The  resistance  per  unit  length  Rj  which  is  the  analog  of  the 
resistance  per  unit  length  of  the  electrical  transmission  line 
was  calculated  from  the  measured  volume  flow'  per  unit  time  through 
a length  of  catheter  for  a given  static  pressure  differential.  The 
transmission  line  equation  which  contains  is 
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If  + «V-|£-  (33) 

where  m^  * mass,  = resistance,  both  per  unit  length,  v * 
velocity  of  an  interface,  and  F * force. 


In  the  measurement  of  volume  flow  mentioned  above 

&La0 

St  u . 


(34) 


Therefore, 


8F  . o 8x  SF 


R<*v=~ gx  or  ^81*  8X  and  R<,'~8^ 

8t 


Sf 

,_8X  (35) 


Now , 


F * P.A  and  ) - constant 


static 


PA 

r 


(36) 


where  A and  1 are  the  area  and  length  of  the  catheter  lumen  and 
P = pressure  in  dynes  per  em^. 


Also, 


v.voi  ond  Sx  ^ 

A §t  '«taiic 


= constcnt=  H2i 

t* 


P& 

or  , 

tA 


(37), 


where  voi  is  the  volume  of  flow,  and  t is  the  time  in  seconds, 

P,  A,  1 , t,  and  volume  may  all  be  obtained  from  the  measurement 
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mentioned  above,  so  R may  be  computed.  Actually,  two  lengths 
of  catheters  were  used.  One  catheter  was  258  cm  long  No.  19 
gauge  and  the  other  was  1.8  cm  long  No.  19  gauge  — both  of  the 
same  original  piece  of  tubing.  Before  the  measurements  were 
made,,  it  was  desired  to  find  the  most  suitable  value  of  pressure 
to  force  the  liquid  through  the  catheter.  If  the  resistance  of  the 
catheter  were  constant  as  the  velocity  was  varied,  it  would  not 
matter  what  pressure  was  used.  That  the  resistance  was  constant, 
however,  could  not  be  iactitly  assumed.  Therefore,  it  was  decided, 
to  calculate  a maximum  velocity  from  the  known  constants  of  the 
system  and  the  measured  amplitude-frequency  response,  (Figure 
16)  and  to  put  enough  pressure  on  the  catheter  to  make  the  velocity 
equal  to  this  maximum.  By  halving  and  quartering  this  pressure 
and  at  the  same  time  measuring  the  flow  volume,  the  degree  of 
constancy  can  be  found.  The  volume  displacement  of  the  trans- 
ducer for  100  mm  Hg  pressure  differential  is  6.9  X 10"^  cm^/100 
mm  Hg;  that  of  the  258  cm  catheter  is  10.4X10"^  cm3/258  cm 
catheter/ 100  mm  Hg  making  the  total  volume  displacement  17.3X10“^ 
cm^/100  mm  Hg.  The  area  of  the  lumen  of  the  catheter  is  A = 
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. 00173  cm^.  Thus,  the  cross  section  of  the  liquid  at  the  open 
end  of  the  catheter  moves  a distance  of  10”^  cm  for  100  mm  Hg 
static  pressure.  At  very  low  frequencies,  the  position  of  an 
interface  in  the  liquid  is 

X=lCr*3inwt  (38) 

When  this  is  differentiated,  one  finds 

V = dt’'i0’*  WC0S<dt  (-39) 

The  first  resonant  frequency  for  this  combination  occurs  at  41  cps . 
Figure  J.  6,  and  t.he  resonant  peak  rises  above  the  static  and  low 
frequency  pressure  amplitude  by  a factor  of  2.44.  Therefore,  the 
maximum  velocity  for  this  resonance  is 

V*  !0“*  x 82jtk2  .44  = 63  Cf%ec  (40) 

which  corresponds  to  a flow  of 

VA=  6.3  x .00173  = .0i09  cnr,7sec  s .65cmS/rnsn  . (41) 

Figure  22  shows  a plot  of  the  resistance  versus  the  interface 
velocity  in  the  catheter,  both  quantities  having  been  computed 
from  the  measurements  of  volume  flow  through  the  two  lengths  of 
catheter  for  various  differential  pressure  values.  It  is  seen  that 
the  resistance  is  constant  for  the  maximum  velocity  of  the  first 


-66- 


Aviation  Me  .1 1 c a i Acceleration  Labcraloi  y 
REPORT  NO.  NADC-MA-5206 


resonance,  although,  it  may  be  somewhat  greater  (approximately 
15  percent)  for  the  higher  frequency  resonances.  The  value  of 
the  resistance  chosen  for  this  work  was  .153  gram/sec.  cm, 
which  is  seen  to  equal  the  resistance  corresponding  to  the  inter- 
cept of  the  curve  of  Figure  2 3 with  the  zero  velocity  axis.  The 
reason  for  selecting  this  value  is  better  seen  from  Figure  23 
showing  the  resistance  as  a function  of  the  applied  pressure  for 
the  two  lengths  of  catheter. 
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At  this  point,  the  values  of  m,  K,  and  R referred  to  the 
needle  diameter  were  known  anu  the  values  of  mj , and 
referred  to  the  catheter  diameter  were  known.  It  was  now  nec- 
essary to  transform  the  transducer  values,  (m,  K,  and  R)  to 
the  catheter  diameter,  and  then  calculate  the  amplitude-frequency 
response  from  Equations  (13)  and(14).  The  transformation  could 
be  made  by  using  the  fourth  power  of  the  catheter  to  needle  diameter 
ratio  as  described.  (Equation  28.)  It  is  easier,  however,  t.o  use 
the  electrical  analog  of  an  abrupt  change  in  diameters  which  is  an 
ideal  transformer  with  an  impedance  ratio  (transforming  from  the 
small  to  the  large  diameter)  of  the  square  of  the  large  to  small 
area  ratio  (29).  This  ratio,  however,  is  the  same  as  the  fourth 
power  of  the  large  to  small  diameter  ratio.  The  needle  diameter 
is  .308  mm,  while  the  catheter  diameter  is  .470  mm.  Therefore, 
the  fourth  power  of  the  ratio  of  the  diameters  is  5.44.  Using  this 
transformation  ratio,  the  values  of  m,  l/K,  and  R referred  to  the 
catheter  diameter  are 


m ■ 

58.  IX 1 0 “4  gram 

l/K  - 

17. 15X10'6  sec 2/gram 

(42) 

R = 

3.00  8r am/sec  . 
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In  summary,  the  values  of  and  referred  to  the 

catheter  diameter  are 


m<j  « ,00147  gram/cm 

1/Kd  • ,0987X10“6  sec2/gram  cm  (43) 


Rd  55  . 153  gram/sec  cm  . 
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C.  CALCULATION  OF  DISTRIBUTED  SYSTEM  RESPONSE 

Equation  (13)  was  rearranged  in  order  to  be  able  to  use  the 
"U.  H.  F-  Transmission  Line  Chart"  (30)  in  the  computation  of  trie 
amplitude-f requenc  response.  After  rearrangement,  Equation  (13) 
appeared  as  follows 

(44) 


J g_ 

<i)Z'  OJdr-Zc) 


Zf/Zr-I  .-T-t 

VZc  + l 

. Z,/2t-  I .-erx 

I + ^ i ^ 


i,/lc+ ! 
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The  computation  of  a point  on  the  amplitude-frequency  response 
curve  was  carried  out  as  follows 

1 . The  values  of  | Q and  were  found  - 

Z.  The  values  of  |rj  and  | ^ were  found. 

3.  Then,  (complex)  was  found.  ( j 2C  j and  [?c 

by-products  in  the  computation  of  M and  I TU  .) 


are 


4.  And,  from  the  "U.  H.  F.  Transmission  Line  Chart, 


2f/2c  + ' 


was  found. 


5.  It  was  then  necessary  to  find  the  values  of 


Vz  ,-i  -u 


/ ~C 


anci 


V^e'l  -2'« 

Vz«+! 


VZc+l 


5r/y  -j  -TX 

Then,  j ^ / c and  its  magnitude  and  angle 

Vz  c+l 

were  computed. 


7.  Finally,  2r-2c  and  |gr- were 


found , 
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The-  above-  were  then  combined  in  the  form 

?;r/g  -|  — tX- 

2 Jh-e 


2r/z«+l 


, w,  2 d,  2r/zc  ! “ST/-  ) 
C0(2r-Zc)W.^---  e j 
zc/%+* 

the  magnitude  of  which  is  a point  on  the  desired  amplitude- 
frequency  response  curve. 


This  work  was  systematized  in  a Table  which  had  34  columns 
starting  with  the  frequency  and  ending  with  the  magnitude  of  8.  above. 
Each  point  on  a curve  required  about  52  steps  for  its  computation. 

As  mentioned  before.  Figure  16  is  a comparison  of  the  calculated 
and  the  measured  amplitude-frequency  response  of  a Technitrol 
’'Lilly”  transducer,  stopcock.  No.  24  gauge  needle,  and  258  ems 
of  No.  19  gauge  (.47  mm  ID)  catheter.  The  discrepancies  of  the 
calculated  curve  when  compared  to  the  measured  curve  are  seen 
to  be  a slightly  higher  frequency  for  the  first  resonance  and  consider- 
ably higher  amplitude  for  all  of  the  resonances.  There  are  a number 
of  possible  reasons  for  these  discrepancies,  and  they  will  be  dis» 
cussed  in  the  section  on  the  variation  of  response  for  changes  in 
physical  constants,  pages  75  to  89. 
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Before  continuing  with  the  variation  of  tlic  ronstants  , 
however,  it  is  well  to  justify  the  use  of  the  resonant  peaks  of  the 
pistophone  amplitude-frequency  response  curve  in  the  calculation 
of  the  catheter  propagation  velocity.  Also,  it  is  desirable  to 


justify  the  use  of  V=/ i for  the  calculation  of  the  mass  per  unit 

rrid 

length  of  the  liquid  tilled  catheter.  From  the  calculations  of  the 


points  on  the  response  curve,  the  following  data  have  been  deter- 


mined: 


(Jj 

2c 

£t50 

1841-89.1® 

125.21=21° 

2tt|80 

48.05t§£jf 

!2lLc£-iL0 

Sir  330 

1 6351-79.4° 

I2M=-L42 

2ir480 

3.661-34.9° 

1211-1.0° 

where  the  frequencies  are  all  at  the  very  peaks  of  the  resonances. 

It  is  well  known  that  if  a transmission  line  is  terminated  in  an 
impedance  which  is  small  compared  to  its  characteristic  impedance, 
it  will  act  approximately  as  a shorted  line.  Since  the  driving  point 
impedance  is  approximately  -jro,  it  is  seen  that  the  catheter  will 
behave  almost  as  a line  shorted  at  both  ends  for  frequencies  above 
about  180  cpc.  This  means  that  it  will  resonate  when  it  becomes 
any  multiple  of  a half  wave  length.  This  was  the  assumption  made 
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in  the  calculation  of  the  velocity  of  propagation.  Also,  from  the 
calculations  of  the  points  on  the  response  curve,  the  following 
data  have  been  determined: 


C 0 

(Wf 

(mdKd)* 

i2L 

2x?30 

.241x10® 

2.22x10® 

80  9® 

2x180 

.0  !86x!9® 

2.22x10® 

87.4* 

2x330 

006  X 10® 

2.22*i0® 

88.6® 

2X480 

.003x10® 

2.22X10® 

89.0* 

Ther  efor  e , lU  I is  found  to  be 


■VVndKd  : 

K* 


V K<j  ^ 


(46) 


for  frequencies  above  about  50  cps.  But  for  a "lossless11  line  (28) 

velocity^,  JL  -yg.-Vt  (47) 

This,  justifies  the  use  of  V-/Kd  for  the*  calculation  of  the  mass 

*Tfid 

per  unit  iength. 
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D.  CALCULATION  OF  EFFECT  OF  VARYING  PHYSICAL 
CONSTANTS 

The  general  agreement  in  the  form  of  the  experimental 
and  computed  curves  of  Figure  16  justifies  the  empirical 
approach  to  the  problem,  and  computation  of  more  responses  after 
arbitrary  variation  of  one  or  more  of  the  system  constants  might 
provide  useful  information  of  practical  importance  to  those  who 
require  the  ultimate  in  transducer  response  for  their  research 
methods . 

In  the  simpler  lumped  systems  without  a catheter,  it  is  an 
accepted  technique  to  increase  the  resistance  loss  in  the  trans- 
d iic  c r in  o rder  to  prevent  the  large  response  to  frequencies  near 
the.  resonance  frequency.  The  usual  procedure  is  to  increase  R 
until  the  system  is  nearly  ’’critically  damped"  or  until  th**  .^-opurude 
does  not  increase  vrith  frequency  above  aero  cycles  per  second  (6). 
For  this  reason,  it  appeared  logical  to  calculate  the  response  of 
the  distributed  system  assuming  increased  values  of  transducer 
resistance,  R.  Figure  24  shows  theoretical  curves  for  varying 


amounts  of  R„  The  top  curve  is  the  same  as  the  theoretical  curve 
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of  Figure  16,  i.  e.  , the  system  without  any  increase  in  the  value 
of  R.  It  will  be  noted  that  a curve  of  the  system  with  R about  40 
instead  of  3 would  closely  match  the  experimental  amplitude -fre- 
quency curve  of  Figure  16.  It  is  thought,  however,  that  an  error 
of  this  magnitude  could  not  have  been  made  in  the  experimental 
determination  o'  R.  Also,  it  is  to  be  noted  that  with  R equal  to 
300,  the  transducer  itself  is  considerably  overdamped,  and  its 
response  superimposed  on  what  would  be  a peaked  response  of  the 
catheter,  gives  a curve  which  is  almost  flat  but  has  the  "double 
peaked"  appearance  found  by  Hansen  (6). 

Another  means  of  preventing  the  amplitude  from  rising 
greatly  at  the  first  resonance  is  to  increase  the  volume  change  of 
the  transducer  for  a given  pressure  differential.  This  would 
correspond  to  decreasing  the  value  of  K.  Since  the  velocity  of  the 
liquid  in  the  catheter  would  be  increased,  the  loss  in  the  catheter 
should  als  O u c inc  reased.  Therefore,  the  response  amplitudes  at 
the  resonant  frequencies  should  be  decreased.  Of  course,  from 
Equation  (4),  a decrease  in  the  value  of  K means  a decrease  in  the 
frequency  of  the  first  resonance.  Figure  25  shows  theoretical 
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r iguie  25  - Calculated  Response  of  Transducer,  Killings,  and 

Catheter  as  Spring  Constant  of  Transducer  K is  \aried. 


raiouiNCY  cps 


Figure  26  - Calculated  Response  of  Transducer,  '■  ittings,  and 

Catheter  as  Resistance  Per  Unit  Length  of  Catheter 
Rj  is  V aried  . 
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amplitude-frequency  response  for  the  original  system  except  for 
decreasing  the  values  of  K.  The  top  curve  (as  it  is  in  Figures  24, 

25,  26,  27,  28  and  29)  is  the  same  as  the  theoretical  curve  of 
Figure  16 

The  next  change  to  be  made  in  the  constants  of  the  system 
is  shown  in  Figure  26  where  the  theoretical  amplitude-frequency 
responses  for  the  normal  and  an  increased  value  of  Rq  are  plotted. 
The  lower  curve  for  the  increased  value  of  Rq  represents  the 
response  of  a system  with  the  same  geometry  and  material  as  the 
system  of  the  upper  curve,  but  in  which  a liquid  with  higher  vis- 
cosity is  used.  If  this  curve  is  compared  with  the  measured  curve 
of  Figure  16,  it  is  seen  that  if  the  actual  value  of  Rq  was  higher 
than  the  measured  value,  the  theoretical  curve  would  more  nearly 
match  the  measured  curve.  However,  in  this  case,  a small  error 
in  the  measured  value  of  Rq  makes  a large  difference  in  the  theo- 
retical curve,  so  it  is  thought  that  such  an  error  may  be  an  ex- 
planation of  the  discrepancies  mentioned  with  r-eference  to  Figure  16. 

Figure  27  shows  the  calculated  effect  of  lowering  the  value 
of  the  spring  constant  per  unit  length,  Kq.  The  curve  with  the  lower 
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Figure  27 


Calculated  Response  of  Transducer,  Fittings,  and 
Catheter  as  Spring  Constant  Per  Unit  Length  o 
Catheter,  Kd>  is  Varied. 


i ' r»£OtncNCT  i.rry 


Calculated  Response  of  Transducer,  Fittings.  “d 
Catheter  as  Spring  Constant  and  Mass  Per  Un..  Le..g  , 

Kd  and  Md,  are  Varied  and  as  Spring  Constant  and  Mass 
Per  Unit  Length,  Kd  and  Md,  and  Transformation  Rati 
are  Varied. 
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resonant  frequencies,  (for  K<i  one  half  its  normal  value),  repre- 
sents the  effect  of  making  the  catheter  with  a thinner  wall  or  mak- 
ing it  from  a more  pliable  material.  If  one  desires  to  use  a 
catheter  with  a smaller  cross  sectional  area,  it  would,  in  all 
likelihood,  mean  a thinner  and  more  pliable  wall,  i.e.  , a lower 
value  of  K^.  It  would  also  mean  a smaller  value  of  md,  and  a 
considerably  lowered  value  of  the  transformation  ratio  arising  from 
the  difference  in  diameter  of  the  needle  bore  and  the  catheter  lumen. 
The  bottom  curve  of  Figure  28  shows  the  theoretical  response 
which  might  be  expected  from  such  a change.  This  curve  illus- 
trates the  case  where  Kq  and  md  have  been  halved.  Halving  md , 
however,  means  that  the  diameter  has  been  reduced  by  a factor  of 
'/ nr  . Hence,  the  transformation  ratio  has  been  reduced  by  a 
factor  of  one-quarter,  since  it  is  equal  to  the  fourth  power  of  the 
ratio  of  the  diameters.  This  tremendous  change  in  the  response 
curve  was  brought  about  by  merely  halving  Kd  and  reducing  the 
diameter  by  30  percent.  It  is  thought  that  this  effect  is  the  most 
likely  possibility  for  explaining  the  discrepancies  between  the  theo- 
retical response  curve  and  the  measured  response  curve  of  Figure 
16.  The  middle  curve  of  Figure  28  is  an  illustration  of  the  correct 
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theoretical  response  curve  if  Kd  had  been  measured  erroneously 
as  10.1X10^  instead  of  5.05X10^.  (In  this  assumption,  the 
velocity  measurement  was  assumed  to  be  correct,  20  iry  would 
be  . 000735  instead  of  .00147.) 

The  final  effort  in  the  variation  of  the  system  constants  is 
illustrated  in  Figure  29.  The  curves  illustrate  what  happens  to 
the  theoretical  responses  when  the  needle  diameter  is  reduced. 

If  the  mass  of  the  diaphragm  and  the  mass  of  the  liquid  in.  the  large 
diameter  portions  of  the  transducer  are  negligible,  the  mass  m of 
the  transducer  is  proportional  to  the  square  of  the  needle  diameter. 
This  condition  is  true  in  the  Technitrol  "Lilly"  transducer  used 
with  a stopcock  and  No,  24  gauge  needle  since  the  needle  diameter 
is  much  smaller  than  any  of  the  larger  diameter  portions  of  the 
transducer.  Thus,  if  the  diameter  is  halved,  the  mass  referred 
to  the  needle  is  reduced  to  one  quarter  of  its  former  value.  The 
above  account  of  the  transducer  mass  is  for  that  mass  referred 
to  the  needle  diameter.  If  the  mass  ref  ci  1 Cu  to  tiiC.  catheter  dia- 
meter is  desired,  the  above  value  must  be  multiplied  by  the  trans- 
formation ratio  which  is  the  fourth  power  of  the  ratio  of  the  catheter 
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to  the  needle  diameters.  Thus,  halving  the  needle  diameter 
reduces  the  mass  referred  to  the  needle  diameter  to  one-quarter 
of  its  former  value,  but  it  increases  the  mass  referred  to  the 
catheter  diameter  to  four  times  its  former  value,  since 


1/4  m 
new 
mass 
referred 
to  needle 


16  - 

new 

transformation 

ratio 


4m  ) 

new  ) for  halved 

mass  ) needle  diameter, 

referred  ) 

to  catheter)  (48) 


The  behavior  of  the  resistance  for  a reduction  in  needle 
diameter  is  not  the  same  as  the  mass.  In  Equation  (37) 


PA 

- PA*t 
vo  I velJs 

tA 


(37) 


This  equation  may  be  applied  to  the  short  needle  by  multiplying  by 
1 . making  the  total  resistance 

q d - PA  t — a 

Rd^'~“vo r=  "t  * (49) 

Now.  if  *v“  streamline  flow  in  the  needle  (which  is  justified 

from  the  data  of  Figures  22  and  2 3),  the  volume  flow  through  the 

needle  is  from  PoiseuiPe's  Equation  (31). 

vol  = constant  iLJ_  (50) 
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If  the  diameter  of  the  needle  is  halved,  but  the  length  is  kept  the 
same,  the  area  is  reduced  to  one-quarter  of  its  former  value, 
and  the  volume  fluw  for  a given  pressure  is  reduced  to  one -six- 
teenth of  its  former  value.  Therefore,  Equation  (49)  becomes: 

ft. --Ait'  . PA«t  (5!) 

vol  vo* 

16” 

for  the  needle  with  half  of  the  original  diameter.  Thus,  changing 
the  needle  diameter  does  not  change  the  value  of  the  resistance 
(referred  to  the  changed  needle  diameter).  However,  it  is  to  be 
noted,  that  the  transducer  resistance  referred  to  the  catheter  dia- 
meter vdiica  considerably „ For  example,  if  the  needle  diameter 
is  halved,  the  transformation  ratio  is  increased  by  a factor  of  16 
so  the  transducer  resistance  is  increased  by  a factor  of  15.  In  this 
analysis,  as  in  the  consideration  of  the  mass,  the  resistance  aris- 
ing from  the  losses  in  the  diaphragm  or  the  liquid  in  the  larger 
diameter  portions  of  the  transducer  have  been  ignored.  This  pro- 
cedure is  justified  since  these  losses  are  generally  very  small. 

The  value  of  K does  not  vary  if  one  always  considers  it 
referred  to  the  diameter  of  the  catheter.  This  comes  about  because 
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Avol 

“AP~ 


must  be  divided  by  the  reciprocal  of  the  square  of  the 


area  of  the  needle  bore  in  order  to  get  i.  K referred  to  the  needle 
diameter.  In  order  to  get  1 /K  referred  to  the  catheter  diameter, 

1 yK  referred  to  the  needle  diameter  must  be  multiplied  by  the 
square  of  the  ratio  of  the  needle  area  to  the  catheter  area.  Thus, 
the  needle  area  cancels  out,  and  the  value  of  K does  not  vary  as 
the  diameter  of  the  needle  is  varied.  The  same  argument,  applies 
to  the  mass  and  resistance  associated  with  the  diaphragm  and  the 
liquid  in  the  larger  diameter  portions  of  the  transducer  if  these 
quantities  are  not  negligible.  The  result  of  the  previous  discussion 
leads  to  the  equivalent  circuit  which  follows 


Kc 


Figure  30  - Diagram  of  Electrical  Analog  of  Transducer  Catheter 

System,  Including  Transformations  Arising  From 
Changes  in  Internal  Diameter, 

where  r.  subscript  refers  to  the  needle,  and  T subscript  refers  to 
the  transducer.  In  this  circuit,  halving  the  diameter  of  the  needle 
increases  the  catheter  to  needle  and  the  transducer  to  needle  trans- 
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Figure  31 


Calculated  Response  of  Transducer,  Fittings,  and 
Catheter  as  the  Transducer  Mass,  M,  is  Increased 
to  the  V*lue  Which  Causes  the  Transducer  to 
Resonate  at  50  cos. 
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formation  ratio  by  a factor  of  16,  and  decreases  the  mass  of 
the  needle  by  a factor  of  4.  All  of  the  other  quantities  remain 
the  same. 

If  the  length  of  the  needle  is  quadrupled  and  the  diameter 
is  held  constant,  from  Equation  (49)  it  is  seen  that  the  resi  ;ance 
is  increased  by  a factor  of  4.  The  transformation  ratio  is  the 
same,  so  the  mass  for  this  case  is  the  same  as  for  the  case  where 
the  diameter  was  halved  (Equation  (48)).  Thus,  it  is  seen  that 
reducing  the  cross  sectional  area  of  the  needle  is  a much  more 
effective  way  to  increase  the  transducer  resistance  than  increas- 
ing the  needle  length.  It  is  to  be  noted  that  either  of  these  methods 
of  increasing  the  transducer  resistance  without  appreciably  lower- 
ing the  frequency  o£  the  first  resonant  peak  of  the  system  are 
usable  only  if  the  resonant  frequency  of  the  transducer  alone  is 
considerably  above  this  first  system  resonant  peak.  To  illustrate 
this,  a hypothetical  transducer  mass  has  been  chosen  such  that 
the  transducer  itself  resonates  at  50  cps , and  the  response  of  the 
transducer -catheter  system  calculated.  Figure  31  shows  this 
response  as  well  as  the  response  of  the  normal  system  without 
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alteration.  These  curves  indicate  that  decreasing  the  needle 
diameter  would  increase  the  transducer  mass  further,  and 
would  lower  the  frequency  of  the  first  system  resonance  to  an 
undesirable  degree. 

The  effect  of  increasing  damping  by  decreasing  needle 
diameter  is  in  agreement  with  the  tatements  of  Hansen  (6).  It 
should  be  pointed  out,  however,  that  the  resonant  frequency  of 
the  transducer  and  fittings  (including  needle)  alone  must  be  well 
above  the  first  resonance  of  the  transducer-fittings-catheter 
system . 

As  a matter  of  interest,  the  calculated  phase  angle  versus 
frequency  curves  for  two  needle  sizes  (corresponding  to  the  upper 
and  lower  amplitude -frequency  curves  of  Figure  2 9)  have  been 
plotted  on  Figure  32.  As  would  be  expected,  the  underdamped  case 
exhibits  rather  abrupt  changes  in  the  phase -frequency  response 
while  in  the  nearly  critically  damped  case,  the  phase -frequency 
response  is  almost  smooth. 
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E,  TRANSIENT  RESPONSE  OF  SYSTEM 

The  analysis  of  the  distributed  system  has  been  carried 
out  using  the  response  to  a pressure  sine  wave,  i.e.,  the 
amplitude-frequency  response  evaluation.  The  use  of  this  evalua- 
tion instead  of  the  response  of  the  distributed  system  to  a pressure 
step  function  is  dictated  by  the  complexity  of  the  analysis  of  the 
latter  Now  that  the  amplitude -frequency  response  has  been  ob- 
tained, however,  the  response  to  the  step  function  can,  at  least, 
be  discussed  qualitatively.  Figure  8 shows  the  response  to  a 
pressure  step  function  of  the  system  consisting  of  the  Technitrol 
"Lilly"  transducer,  fittings,  and  the  258  cm.  No.  19  gauge  catheter. 
The  period  of  the  predominant  oscillation  is  about  .02  5 seconds, 
while  that  of  the  secondary  oscillation  is  about  ,00625  seconds. 

These  periods  correspond  to  the  frequencies  40  and  160  cps , or 
almost  exactly  the  frequencies  of  the  first  two  resonances  of  the 
measured  amplitude-frequency  curve.  One  may  also  see  from 
Figure  32  that  the  secondary  oscillation  amplitude  is  considerably 
smaller  than  the  primary  one,  which  is  also  in  agreement  with  the 
measured  amplitude -frequency  curve . Presumably,  the  third  and 
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fourth  resonances  discernible  on  the  measured  amplitude -fre- 
quency curve  are  too  highly  damped  to  be  noticeable  on  the  step 
function  response. 

F.  APPLICATION  OF  THEORETICAL  CONCEPTS 

The  practical  value  to  the  physiologists  of  such  theoretical 
considerations  of  transducer  systems  as  have  been  treated  in  this 
study  is  to  be  realized  by  the  application  of  these  concepts  to  men- 
suration techniques  in  use  at  present. 

The  effect  of  changing  certain  variables  of  the  distributed 
transducer  system  upon  the  amplitude  versus  frequency  response 
of  the  system  has  been  pointed  out  from  the  theoretical  calcula- 
tions enumerated  in  Parts  D and  E of  Phase  II. 

Since  the  purpose  in  transducer  system  design  is  to  repro- 
duce a pressure  variable  with  minimal  amplitude  and  phase  dis- 
tortion and  with  maximal  frequency  response,  the  desirability  of 
developing  a system  which  has  minimal  overshoot,  i.e.  , which  is 
critically  damped,  is  apparent.  Therefore,  consideration  of  the 
effect  of  changing  certain  variables  is  appropriate. 
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The  effects  of  changing  the  following  variables  has  been 
calculated  when: 

(1)  Spring  constant  K of  transducer  is  varied  (Figure  24) 

(2)  Resistance  of  transducer  K is  varied  (Figure  25) 

(3)  Resistance  per  unit  length  of  catheter  is  varied  (Figure  26) 

(4)  Spring  constant  Kd  per  unit  length  of  catheter, 

(Figure  27)  Kd  is  varied 

(5)  Spring  contant  and  mass  per  unit  length  of  catheter  Kd 
and  md  are  varied  (Figure  28) 

(6)  Spring  constant,  Kd,  mass  per  unit  length  md  and  the 
transformation  ratio  are  varied  (Figure  28) 

(7)  Inside  diameter  of  the  needle  is  varied  (Figure  29) 

(8)  The  transducer  mass  m is  increased  to  the  value 
which  causes  the  transducer  to  resonate  at  50  cps , 

(Figure  30) . 

From  the  lower  curves  of  Figure  29,  it  is  seen  that  any 
short  liquid  transmission  segment  with  a small  but  adjustable 
cross  section  may  be  used  to  vary  the  damping  of  a pressure  rneasur- 
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ing  system  provided  tftat  tne  resonant  frequency  of  the  system 
does  not  become  too  low. 

Such  a damping  segment  was  designed  (Figure  33).  This 
device  has  been  incorporated  into  a transducer  system  with  a 
large  amplitude  distortion  at  the  natural  frequency  and  has  been 
found  to  be  effective  in  providing  adjustable  damping  in  producing 
a frequency  response  curve  which  is  essentially  linear  throughout. 
The  results  of  these  tests  are  shown  in  Figure  34.  This  unit 
has  been  found  entirely  practical  in  affecting  variable  damping  of 
distributed  and  lumped  transducer  systems  v/ith  a minimal  decrease 
in  the  range  of  the  frequency  response. 
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CONCLUSIONS 

1 . Th«*  step  function  and  amplitude  versus  frequency 
methods  of  testing  and  evaluating  lumped  pressure  measuring 
systems  have  been  perfected  to  a high  degree,  and  are  in  excel* 
lent  agreement  with  each  other  as  well  as  with  the  results  of 
tests  conducted  with  absolute  calibration  techniques. 

2.  The  amplitude- frequency  method  of  testing  and  evalua- 
ting distributed  systems  using  the  pistonphone  is  as  valid  as  it  is 
when  used  with  lumped  systems. 

3.  Because  of  the  complexity  of  interp  relation,  the  response 
of  distributed  systems  to  a.  pressure  step  function  is  only  a qual- 
itative, but  very  useful  indication  of  the  system  response, 

4.  The  theoretical  treatment  of  the  distributed  system 
using  constants  measured  at  static  pressure  (and  by  other  means) 
is  not  entirely  a description  of  the  behavior  of  a transducer-cathe- 
ter system,  but  it  is  quite  adequate  for  indicating  trends  when  the 
physical  constants  and  geometry  of  the  system  are  varied. 
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5.  A variable  damping  segment  has  been  developed  for 
use  in  increasing  the  useable  portion  of  the  amplitude  versus  fre- 
quency response  cf  transducer  systems. 
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RECOMMENDAT  IONS 

1.  In  employing  transducer  systems,  it  is' essential  that 
they  be  tested  for  proper  operation  and  response  before  and  after 
measurements  are  taken. 

2 „ The  apparatus  described  herein  and  in  Appendix  B is 
recommended  as  adequate  and  easily  constructed,  evaluation 
equipment , 


3.  Further  transducer -catheter  investigations  should  con- 
sider the  concept  of  the  analog  of  the  electrical  transmission  line 
as  described  in  this  work. 

4 . The  use  of  a damping  segment  such  as  the  one  previously 
described  is  recommended  lor  producing  variable  damping  in  a 
transducer  system. 
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APPENDIX  A 

DEFINITION  OF  SYMBOLS 

With  the  exception  cf  terms  used  once  and  defined  at  the 
place  used,  all  of  the  symbols  used  in  the  text  are  defined  in  the 
following  table; 

1 . A - area 

2.  C - electrical  capacitance 

3.  Cd  - electrical  capacitance  per  unit  length  (of  a transmission  line) 

4.  d - diameter 

5.  £ - sinusoidal  driving  voltage  amplitude 

6 . F - force 

7.  fn  ~ natural  frequency 

8.  ^nd  " damped  natural  frequency 

9.  G<2  - electrical  conductance  per  unit  length  (of  a transmission  line) 

10.  i - electrical  current 

11.  i - Laplace  transform  of  electrical  current 

12.  K - spring  constant  (from  Hook's  lav/  F * KX) 

13.  Kjj  - spring  constant  per  unit  length  (of  a mechanical  transmission 

line) 
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14,  L - electrical  inductance 


15.  IJ{3  - elect!  Leal  indactance  per  unit  length 


1 u . 1 - 1 ength 


17.  m - mass 


18.  mass  per  unit  length  (of  a mechanical  transmission  line) 

19-  p - Laplace  transform  of  the  first  time  derivative 

20.  P - pressure 

21.  q - electrical  charge 

22.  R - mechanical  resistance  (coefficient  of  viscous  friction) 

23.  R(j  - mechanical  resistance  per  unit  length  (of  a mechanical 

trap  emission  line.) 

24.  RP  - electrical  resistance 

25.  Re(j  - electrical  resistance  per  unit  length  (of  a transmission  line) 

26.  f - radius 

27.  S - amplitude  of  a step  function 


28.  t 


- time 


29.  V - velocity 

30.  v -electrical  voltage 

31.  v - Laplace  transform  of  electrical  voltage 


32. 


vo l - volume 
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35.  x - mechanical  position 

34.  Y - sinusoidal  driving  force  amplitude 


35. 

36. 

37. 

38. 

39. 

40. 

41  . 

42. 

43. 

44. 

45. 


2r  - 

2c  - 
? - 


CJnd  - 

X - 


■v 

I 


terminating  impedance  of  the  receiving  end  cf  a transmission 
line 

characteristic  impedance  of  a transmission  line 
propagation  constant  (either  electrical  or  mechanic al) 
imaginary  part  of 

increment  (a  small  change  in  the  quantity  with  which  it  is  used) 

angular  frequency  in  radians  of  a driving  quantity  (voltage 
or  force) 

phase  angle 

natural  angular  frequency  in  radians 
damped  natural  angular  frequency  in  radians 
wavelength 

sinusoidal  response  current  amplitude 


NOTE:  The  centimeter-gram  second  system  of  units  is  used  except 

v/hsrs  oth^rwis?  not prl 
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